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Introduction {#sec1}
============

Nucleic acids are genetic biopolymers that are composed of nucleotides, which are essential to all known forms of life. Alteration of nucleotides between nucleic acid sequences (single-base substitution), as the most common form of nucleic acid variations, is often associated with important biological and biomedical implications ([@bib34], [@bib38]). For instance, nucleotide changes in the coding region of genome affect the sequences of amino acid and protein function, leading to the occurrence of genetic disease ([@bib24], [@bib36]). Nucleotide changes in the pathogen genome cause antibiotic resistance ([@bib29]). In addition, tumor-associated base changes have significant impacts on tumor growth, transformations, and metastasis, which can serve as noninvasive biomarkers of cancers ([@bib13], [@bib37]). It is therefore vitally important to develop effective strategies for the discrimination of single-base changes ([@bib4]).

Single-base changes have only one nucleotide difference with normal counterparts; it is extremely challenging to discriminate single-base-changing DNA from normal DNA because of the small energetic differences in hybridization reactions. DNA nanotechnology and the corresponding DNA nanostructures with recognition capability and programmability provide strategies for target recognition and signal amplification to increase the small differences ([@bib17], [@bib49], [@bib51]). Accordingly, DNA amplification technologies have been developed, such as polymerase chain reaction (PCR) ([@bib22]), rolling circle amplification ([@bib2]), loop-mediated amplification ([@bib49]), enzyme-assisted target recycling ([@bib12]), and hybridization chain reaction (HCR) ([@bib5], [@bib16], [@bib45]). Despite the fact that these technologies have become promising, many challenges need to be addressed including complicated operation, time --consumption, and high cost owing to the involvement of enzymes. In addition, DNA nanostructures have been built as non-enzymatic tools for signal amplification. For example, DNA tetrahedron with highly rigid structures can effectively control the probes\' density and orientation at the biosensor interfaces, enabling efficient hybridization and high sensitivity ([@bib28], [@bib31], [@bib32]). Spherical nucleic acid conjugates possessing the periphery of high-dense nucleic acid probes and the core of inorganic nanoparticles are used as visible detection platform through color change generated by particle aggregation ([@bib8], [@bib33]). Consequently, DNA nanostructures can serve as simultaneous target recognizer and signal amplifiers ([@bib25]), becoming effective elements for the discrimination of single-base changes ([@bib15]). Given that the fine DNA nanostructure increased the difficulty of design and use, it is necessary to develop an enzyme-free, simply designed, low-cost, and easily manipulated method for the discrimination of single-base changes.

Herein, we constructed a branched DNA-based polymerization system, namely, "target-triggered polymerization (TTP)." In TTP system, branched DNA was designed to polymerize into DNA nanospheres only under the trigger of specific DNA, realizing target recognition and efficient signal amplification simultaneously. Our TTP system can be accomplished rapidly without the involvement of any enzymes. In addition, the TTP system possessed robust performance in a wide range of conditions. Our enzyme-free, rapid, and robust TTP system enabled high specificity and sensitivity. Remarkably, our TTP system was capable of discriminating base-changing DNA from normal DNA, including different number of nucleotide changes and the positions of single-base change. Furthermore, thermodynamics and kinetics analyses showed that the TTP system apparently amplified the small differences of base-changing DNA with normal DNA in an identical hybridization reaction. Taking advantage of the TTP system, we developed a theoretical model for analyzing the hybridization probability of nucleic acids, which performed highly consistent with experimental results, making our TTP system a powerful tool for exploring the probability of nucleic acid hybridization.

Results {#sec2}
=======

Enzyme-free and Fast TTP System for Simultaneous Target Recognition and Signal Amplification {#sec2.1}
--------------------------------------------------------------------------------------------

X-shaped branched DNA (X-DNA) was designed as TTP monomers, which consisted of four corresponding single-stranded DNA (ssDNA) ([@bib40], [@bib46]). Through rational sequence design, ssDNA was composed of intermolecular binding region (marked by black in [Scheme 1](#sch1){ref-type="fig"}A) for the construction of X-DNA and sticky ends (marked by red) for recognition with specific target DNA (transfer DNA \[T-DNA\]). Four ssDNA (ssDNA~1~, ssDNA~2~, ssDNA~3~, and ssDNA~4~) self-assembled to from X-DNA with optimized annealing procedure. In TTP system, two types of X-DNA (X~1~ and X~2~) were designed as monomers to further form DNA nanospheres. X~1~ and X~2~ had the same binding core and different sticky ends, which were complementary with specific T-DNA. Through this design, T-DNA functioned both as initiators to trigger the polymerization of X-DNA and as linkers to hybridize with X~1~ and X~2~, consequently forming DNA nanospheres ([Scheme 1](#sch1){ref-type="fig"}B). It was notable that the formation of polymeric DNA nanospheres only occurred in the presence of T-DNA. In addition, the TTP system did not require any enzymes, reducing the operational complexity and potentially facilitating future applications such as point-of-care testing (POCT). Specifically, compared with other enzyme-free amplification methods, such as HCR ([@bib39]) and strand displacement reaction ([@bib26], [@bib44]), the TTP system avoided the steps of toehold migration and hairpin structure de-conformation, which therefore enabled the formation of DNA nanospheres in a very short period of time. In other words, simultaneous recognition and amplification was achieved in a one-step reaction and in an enzyme-free and rapid manner.Scheme 1Schematic Illustration of Enzyme-free and Fast Target-Triggered Polymerization (TTP) for Simultaneous Target Recognition and Signal Amplification(A) Synthesis of X-shaped branched DNA (X-DNA) composed by four single-stranded DNA (ssDNA) through DNA hybridization and annealing procedure.(B) Polymeric DNA nanosphere triggered by the self-assembly of X-DNA (X~1~ and X~2~) and target DNA (T-DNA).

We first constructed X-DNA by mixing four corresponding ssDNA at equimolar concentrations and with further annealing procedure. The successful synthesis of X-DNA was characterized and confirmed by gel electrophoresis ([Figure S1](#mmc1){ref-type="supplementary-material"}A). The addition of T-DNA into the mixture of X~1~ and X~2~ initiated the polymerization of DNA nanospheres. Polymeric DNA nanospheres with higher molecular weights were observed in agarose gel electrophoresis ([Figure S1](#mmc1){ref-type="supplementary-material"}B). The bands in gel hole indicated the successful synthesis of DNA nanospheres. A long-tail smear in the lanes of X~1~+X~2~+ T-DNA existed, which corresponded to the DNA nanospheres with broad size distribution. In contrast, in the absence of T-DNA or in the presence of background DNA (B-DNA), no band of DNA nanospheres was observed (in the lanes X~1~+X~2~+PBS and X~1~+X~2~+B-DNA in [Figure S1](#mmc1){ref-type="supplementary-material"}B), indicating that polymerization did not occur. These results confirmed that T-DNA specifically triggered the polymerization of X-DNA into DNA nanospheres. The synthesized DNA nanospheres were also verified by atomic force microscopy imaging ([Figure S1](#mmc1){ref-type="supplementary-material"}C). In addition, we explored the formation of DNA nanospheres over time. After the addition of T-DNA in the mixture of X~1~ and X~2~ for 2 min, the band in the gel hole with strong fluorescence intensity indicated that the formation of DNA nanospheres started within 2 min ([Figure S2](#mmc1){ref-type="supplementary-material"}). Also, the fluorescence intensity of the smear became relatively lighter over time, suggesting that the dynamic assembly of DNA nanospheres continuously proceeded from 2 to 60 min.

Real-Time TTP System at Bio-interface for One-Step Signal Amplification {#sec2.2}
-----------------------------------------------------------------------

For real-time monitoring of the TTP-based process, we took advantage of the quartz crystal microbalance (QCM) as a signal output device. QCM has the ability to measure extremely small mass changes at the nanogram level by monitoring in real-time the frequency changes of quartz crystal resonator. QCM, therefore, has been developed as a label-free biosensor for the sensitive analysis of biomolecules and kinetic evaluation ([@bib6], [@bib19]).

The TTP-based system included two key stages: molecular recognition for T-DNA and signal amplification by TTP ([Figure S3](#mmc1){ref-type="supplementary-material"}A). To efficiently recognize T-DNA, we designed capture DNA (C-DNA) probes for complementary pairing with T-DNA, which contained a thiol group for immobilizing on the chip surface by Au-S bond and a poly(A) tail for increasing the distance between the probes and chip surface and reducing the "size dilemma" ([@bib26]). In addition, the chip with C-DNA attached was blocked by 6-mercapto-1-hexanol (MCH) to avoid non-specific adsorption. In TTP-based system, the immobilized C-DNA probes specifically hybridized with partial sequences of T-DNA, generating a corresponding molecular recognition signal. Afterward, the remaining single-strand region of T-DNA was exposed for subsequent signal amplification.

We first studied effective one-step signal amplification by the TTP system. We synthesized DNA nanospheres with X~1~ in the periphery at a certain proportion of T-DNA and X-DNA, to allow their effective hybridization with T-DNA ([Figure S3](#mmc1){ref-type="supplementary-material"}B). The frequency signals decreased slightly and then further decreased significantly after introducing T-DNA and DNA nanospheres with X~1~ on the periphery, respectively ([Figure S3](#mmc1){ref-type="supplementary-material"}C). Interestingly, we observed that the values of frequency changes (Δ*f*) and rates (dΔ*f*/d*t*) both changed in the process of signal amplification relative to target recognition, owing to the introduction of DNA nanospheres with high molecular weight. In contrast, the frequency signal remained unchanged when applying B-DNA and the following mixture of X~1~ and X~2~ ([Figure S3](#mmc1){ref-type="supplementary-material"}C), confirming the high specificity of the TTP system.

Layer-by-Layer TTP System for Step-by-Step Signal Amplification {#sec2.3}
---------------------------------------------------------------

We further developed a layer-by-layer TTP system to regulate the self-assembly of DNA nanospheres that was *in situ* growing on QCM chip, achieving step-by-step signal amplification. In detail, after the incubation of C-DNA and MCH, the chip was capable of T-DNA-specific recognition and capture. After the addition of T-DNA, X~1~ was introduced due to the complementary pairing between exposed sequences of T-DNA and sticky end of X~1~, followed by T-DNA and X~2~. By the sequential injection of T-DNA and X-DNA as a cycle, layer-by-layer self-assembled DNA nanospheres were *in situ* assembled on chip surface after several cycles, and consequently, TTP systems realized effective step-by-step signal amplification. Finally, the frequency signals were used as real-time outputs to monitor the polymerization of DNA nanospheres, where Δ*f* and dΔ*f*/d*t* reflected hybridization thermodynamic and kinetic behaviors, respectively. In addition, the chip was regenerated after treatment with denaturant for the next round of testing, demonstrating the reusability and cost-effectiveness ([Figure S4](#mmc1){ref-type="supplementary-material"}).

To determine the optimal concentration ratio of T-DNA to X-DNA, we set three groups of experiments. We defined the differences in Δ*f* values between final equilibrium states and baseline as Δ*F*. The Δ*f* values decreased twice after the introduction of T-DNA and X-DNA, which were recorded as Δ*F*~1~ and Δ*F*~2~, respectively. Also, the values of Δ*F*~2~/Δ*F*~1~ reflected the hybridization capacity of X-DNA relative to T-DNA. By comparing the values of Δ*F*~2~/Δ*F*~1~, the concentration ratio of T-DNA: X-DNA at 2:1 had the highest hybridization capacity, which was used for subsequent experiments ([Figure S5](#mmc1){ref-type="supplementary-material"}). After four cycles in layer-by-layer TTP system, Δ*f* and dissipation change (Δ*D*) were clearly distinguished, demonstrating excellent capability of target recognition and signal amplification ([Figure 1](#fig1){ref-type="fig"}A). During the first cycle, the frequency response showed a slowly decreasing trend (from 0 Hz to −8 Hz) and then a dramatic decrease (from −8 to −31 Hz), owing to the effective hybridization between T-DNA and X~1~. Next, the accumulated introduction of T-DNA and X-DNA contributed to a multistep drop (from −31 to −46 Hz). Although the decrease after the first cycle was relatively slight due to space resistance and electrostatic repulsion ([@bib50]), our layer-by-layer TTP system significantly improved the sensitivity of biosensor. Meanwhile, the corresponding mass changes were calculated by Sauerbrey equation applied in aqueous solutions ([@bib20], [@bib21])$$\Delta f\  = \ -f_{0}^{\ {3/2}}\sqrt{\frac{n\rho_{l}\eta_{l}}{\pi\rho_{q}\mu_{q}}} = \ -C\Delta m$$where *f*~0~ is the resonance frequency of the bare resonator; *n* is the number of the overtone; $\rho_{l}$ and $\eta_{l}$ are the density and viscosity of liquid, respectively; $\rho_{q}$ and $\eta_{q}$ are the density and shear modulus of quartz, respectively; and *C* is a proportionality constant according to the intrinsic parameters of the QCM device. As a result there was a linear relationship between the change of mass (Δ*m*) and Δ*f* when the flexible conformation of branched DNA was ignored ([@bib30], [@bib42]). A gradient of mass change curve indicated the growth of DNA nanospheres triggered by T-DNA ([Figure 1](#fig1){ref-type="fig"}B).Figure 1Real-Time Monitoring of Layer-by-Layer TTP System for Step-by-Step Signal Amplification(A) Frequency and dissipation changes of the self-assembled DNA nanospheres in the TTP system. Stepped frequency and dissipation change signals clearly showed the feature of layer-by-layer TTP system to form DNA nanospheres via four cycles. In the first cycle, a dramatic change reflected the efficient hybridization, and the accumulated introduction of T-DNA and X-DNA obviously increased the signals.(B) Corresponding Δ*m* of the self-assembled DNA nanospheres in the TTP system calculated by Sauerbrey equation.

We further examined the sensitivity of layer-by-layer TTP system. The frequency signals were monitored in the range of T-DNA concentrations from 2 pM to 0.2 μM, presenting a gradual increasing trend. -Δ*F* and the logarithmic values of T-DNA concentrations showed linear relationships of y = 5.696x-25.195 (R^2^ = 0.9286) and y = 8.511x-37.456 (R^2^ = 0.9608) in the range of 20 pM to 20 nM, corresponding to one-cycle and three-cycle amplifications, respectively ([Figure S6](#mmc1){ref-type="supplementary-material"}). Compared with the one-cycle curve, the slope of the Δ*F* curve corresponding to three cycles was improved by nearly 1.5 times, which contributes to the effective signal amplification. There existed two abnormal values: the point at 0.2 μM was mainly due to the complex nanostructures formed among individual DNA nanospheres, resulting in the enhanced frequency signal; the point at 2 pM was mainly due to the high background signal. As a result, the limit of detection was determined as 20 pM.

TTP System Had Excellent Robustness and Reliability over a Wide Range of Conditions {#sec2.4}
-----------------------------------------------------------------------------------

The aforementioned results demonstrated that the TTP system worked well in laboratory-based conditions. We further tested the robustness and stability of the TTP system in realistic conditions, including different temperature, pH, water quality, and simulated biological fluids ([Figure 2](#fig2){ref-type="fig"}). We first verified that the formation of DNA nanospheres was not affected in the temperature range of 4°C--45°C by gel electrophoresis ([Figure S7](#mmc1){ref-type="supplementary-material"}A). We further tested the temperature stability (15°C--45°C) of the TTP system on QCM device. The relative Δ*F* showed only slight fluctuations within the temperature range of 15°C--40°C, indicating the temperature stability of the TTP system ([Figure S7](#mmc1){ref-type="supplementary-material"}B and [2](#fig2){ref-type="fig"}A). The signal became weaker at 45°C because of the instability of Au-S bonds at a higher temperature ([@bib11], [@bib14]). A gradient of pH from 3.0 to 13.0 was tested. The formed DNA nanospheres maintained integrity in both weak acidic and weak basic buffers except for pH 3.0 ([Figure S8](#mmc1){ref-type="supplementary-material"}A), which was mainly due to DNA degradation induced by protonation of adenine (A), guanine (G), and cytosine (C) under strong acid condition ([@bib7], [@bib18]). The frequency signals were detected distinctly in solutions with different pH from 5.0 to 11.0 ([Figure S8](#mmc1){ref-type="supplementary-material"}B). In spite of the slight decrease in acidic buffers of pH 5.0 or in basic buffers of pH 11.0, the relative Δ*F* was sufficiently distinguishable for T-DNA detection ([Figure 2](#fig2){ref-type="fig"}B). We further tested the robustness of DNA nanospheres in various water qualities. DNA products formed in different environments (pure, reservoir, river, well, rain, and tap) showed obvious bands in gel holes ([Figure S9](#mmc1){ref-type="supplementary-material"}), which indicated that the formation of DNA nanospheres was not affected by the water quality. The robust performance of TTP systems was also tested by QCM experiments. The obtained relative Δ*F* results clearly demonstrated that the TTP system performed reliably in a relatively wide range of non-laboratory water environments, such as pure, river, tap, and rain water ([Figure 2](#fig2){ref-type="fig"}C). Finally, to evaluate the clinical feasibility and future potentiality of TTP system, four simulated biological fluids as medium were used to assess the reliability of the TTP system, including simulated sweat, simulated urine, simulated saliva, and fetal bovine serum. It was confirmed by both gel electrophoresis and frequency curves on QCM that DNA nanospheres were extremely stable in various simulated biological fluids ([Figure S10](#mmc1){ref-type="supplementary-material"}). The relative Δ*F* of simulated biological fluids had slight fluctuations in the range of ±20% ([Figure 2](#fig2){ref-type="fig"}D). According to these results, the TTP system demonstrated excellent robustness and reliability for T-DNA detection in relatively harsh conditions.Figure 2The TTP System Exhibited Excellent Robustness and Reliability in Relatively Harsh Environments(A) The relative Δ*F* signals demonstrated the robustness of the TTP system under different temperatures (n = 3, mean ± SD).(B) The relative Δ*F* signals demonstrated the robustness of the TTP system under different pH (n = 3, mean ± SD).(C) The relative Δ*F* signals demonstrated the robustness of the TTP system under different water environments (n = 3, mean ± SD).(D) The relative Δ*F* signals demonstrated the robustness of the TTP system under different simulated biological fluids (n = 3, mean ± SD).

TTP System Exhibited Enhanced Hybridization Thermodynamics and Kinetics Performances at Different T-DNA Concentrations {#sec2.5}
----------------------------------------------------------------------------------------------------------------------

In the aforementioned experiments, we observed that different T-DNA concentrations simultaneously influenced Δ*f* and dΔ*f*/d*t*, which corresponded to hybridization thermodynamics and kinetics, respectively. We studied the thermodynamics and kinetics of DNA hybridization at the biosensing interface ([Figure 3](#fig3){ref-type="fig"}), by taking the first cycle of TTP system in [Figure S6](#mmc1){ref-type="supplementary-material"}A as an example.Figure 3TTP System Showed Enhanced Hybridization Thermodynamic and Kinetic Performance(A) The Δ*f* curves changing with time.(B) The -Δ*F* curves after the introduction of T-DNA (marked with blue) and X~1~ (marked with red) changing with T-DNA concentrations.(C) ρ~i~ reflecting DNA hybridization thermodynamics, which remained constant within a concentration range of 2×10^−7^ to 2×10^−12^ M.(D) The dΔ*f*/d*t* curves changing with time, reflecting instantaneous hybridization rates of T-DNA with different concentrations.(E) The -dΔ*f*/d*t* curves after the introduction of T-DNA (marked with blue) and X~1~ (marked with red) changing with T-DNA concentrations.(F) ε~i~ increasing first and then decreasing within a concentration range of 2×10^−7^ to 2×10^−12^ M, which was limited by probe density and steric hindrance.

In terms of hybrid thermodynamics, the horizontals of frequency signal curves after the addition of T-DNA and X~1~ (marked by blue and red, respectively) were set as the equilibrium states of two hybridization reactions, which reflected the termination of hybridization thermodynamics ([Figure 3](#fig3){ref-type="fig"}A). As Δ*F* was linear with Δ*m*, -Δ*F*~*i*−*T*−*DNA*~ or Δ*F*~*i*−*X*1~ after the introduction of T-DNA or X~1~ represented the corresponding hybridization yields, where i was the concentration of T-DNA. The -Δ*F* gradually improved linearly within a T-DNA concentration range of 20 pM to 20 nM ([Figure 3](#fig3){ref-type="fig"}B) ([@bib4]). The addition of T-DNA and X~1~ corresponded to the linear curves of y = 1.378x-5.788 (R^2^ = 0.9558) and y = 4.318x-19.407 (R^2^ = 0.9115), respectively. To clearly understand the hybridization thermodynamics, we defined ρ~i~ as the hybridization capacity of X~1~ to T-DNA at T-DNA concentrations of i.$$\rho_{i} = \frac{\Delta m_{i - X1}}{\Delta m_{i - {T-DNA}}} = \frac{- \Delta F_{i - X_{1}}}{- \Delta F_{i - {T-DNA}}}$$

[Figure 3](#fig3){ref-type="fig"}C showed that $\rho_{i}$ had a slight fluctuation around the value of 2, which indicated that the hybridization capacity remained almost unchanged within a range of T-DNA concentrations. According to the molecular weight and concentration ratio (2:1) of T-DNA and X~1~, we calculated the theoretical ratio of hybridization yield $\left( \rho_{T} \right)$ to be approximately 3.5.$$\rho_{T} = \ \frac{{MW}\ \left( X_{1} \right)}{2 \times {MW}\ \left( {T-DNA} \right)}$$

On the basis of experimental and theoretical ratio of hybridization yield, we obtained hybridization efficiency (ω~i~) at different T-DNA concentrations ([Table S2](#mmc1){ref-type="supplementary-material"}), which reached an average level of 60% at the biosensing interface.$$\omega_{i} = \frac{\rho_{i}}{\rho_{T}}$$

We analyzed the influencing factors for the hybridization efficiency between T-DNA and X-DNA in the following aspects: (1) the topologies of DNA on the chip were uncontrollable, such as the influence of non-specific adsorption ([@bib32]); (2) the presence of spatial resistance restricted the effective binding of X-DNA and T-DNA ([@bib9]); (3) the high electron cloud density on chip surface caused electrostatic repulsion to hinder the binding of X-DNA; and (4) the X-DNA was washed away before binding at a certain flow rate. To sum up, hybridization efficiency could be further improved by overcoming these limitations.

In terms of hybridization kinetics, dΔ*f*/d*t* curves were drawn to display the instantaneous DNA hybridization rates at different T-DNA concentrations ([@bib41]), where two peaks (labeled by blue and red) appeared when the introduction of T-DNA and X-DNA, respectively ([Figure 3](#fig3){ref-type="fig"}D). We observed that the instantaneous hybridization rates reached a maximum shortly at the beginning of hybridization, and the polymerization lasted for a few minutes, reflecting the rapid performance of TTP system on the biosensing interface. To describe the kinetic characteristics of DNA hybridization, we plotted the instantaneous hybridization rates -*d*Δ*f*~*i*−*T*−*DNA*~/*dt* and -*d*Δ*f*~*i*−*X*1~/*dt* corresponding to T-DNA and X~1~ as a function of T-DNA concentrations, where i represented the concentration of T-DNA ([Figure 3](#fig3){ref-type="fig"}E). The -dΔ*f*/d*t* curves varied linearly within the T-DNA concentration range (2×10^−11^-2×10^−8^ M). The fitted curves were y = 0.1029x-0.3270 (R^2^ = 0.9261) and y = 1.467x-6.747 (R^2^ = 0.9076), corresponding to the addition of T-DNA and X~1~. The slope of -*d*Δ*f*~*i*−*X*1~/*dt* curve was increased by 14 times to that of the -*d*Δ*f*~*i*−*T*−*DNA*~/*dt* curve, illustrating the significantly enhanced hybridization kinetics by the TTP system owing to the introduction of X-DNA with higher molecular weight. We then defined ε~i~ as the ratio of instantaneous hybridization rates to explore the concentration dependence of hybridization kinetics.$$\varepsilon_{i} = \frac{{{-d}\Delta f_{{i-}X_{1}}}/{dt}}{{{-d}\Delta f_{i-T-DNA}}/{dt}}$$

In [Figure 3](#fig3){ref-type="fig"}F, the ε~i~ increased first with the increase of T-DNA concentration in the range of 2×10^−12^ to 1×10^−7^ M, reaching as high as 10, and began to decrease when the T-DNA concentration exceeded 10 nM, revealing an optimal kinetic concentration of 10 nM. Because hybridization kinetics were attributed to both mass transfer and effective collision, the ratio of hybridization rates was limited to effective collision at lower concentrations and to mass transfer at higher concentrations ([@bib27]). When T-DNA was at a lower concentration, the amount of T-DNA used for X~1~ conjugation was limited, so as to generate a lower collision efficiency. In contrast, when T-DNA was at a relatively higher concentration, T-DNA with higher density caused space crowding at biosensing interface, further obstructing effective mass diffusion and transfer. As a result, both the limited T-DNA number and the crowded space restricted the DNA hybridization, leading to the lower hybridization kinetics.

From the above analysis, we observed that hybridization thermodynamics and kinetics exhibited different behaviors as a function of T-DNA concentration. Hybridization thermodynamics presented concentration independence, whereas hybridization kinetics depended on the T-DNA concentration owing to mass transfer and collision probability, proving guidance for the study of nucleic acid hybridization in interface chemistry.

TTP System Implemented Discrimination of Different Number of Base Changes and Positions of Single-Base Change {#sec2.6}
-------------------------------------------------------------------------------------------------------------

To investigate the selectivity and specificity of the TTP system, a series of DNA with non-complementary sequences (M-DNA) were introduced including single-base and multi-base changes relative to normal DNA (N-DNA) ([Table S3](#mmc1){ref-type="supplementary-material"}). N-DNA functioned as linkers for binding two types of X-DNA to generate stable DNA nanospheres. However, metastable DNA nanospheres were produced when substituted bases existed in a sequence (asterisk indicated substituted bases). As the number of substituted bases increased, DNA nanospheres became more unstable owing to the occurrence of bulges or mismatched bubbles ([@bib4]), which reflected in the gradually decreased Δ*F* signals ([Figure 4](#fig4){ref-type="fig"}C). There were clearly distinguishable signals of M-DNA with one to four altered bases compared with N-DNA. Once the number of altered bases reached 4 (including 4, 6, 8 and 10 altered bases), the frequency signals remained almost unchanged. The phenomenon of sharp reduction was obviously observed from the curve of relative Δ*F* ([Figure 4](#fig4){ref-type="fig"}D), suggesting four altered bases as the critical value of frequency signals. As a result of the low binding energy, hybridization between M-DNA and branched DNA was difficult, showing unchanged frequency signals. In addition, the intermolecular tension caused by mismatched bases also affected the base pairing ([@bib3]). Interestingly, when only N-DNA or M-DNA was introduced, there were insignificant differences in the Δ*F* signal of non-complementary sequences with altered bases of 1, 2, and 3; however, significant differences were observed after the introduction of X-DNA ([Figure 4](#fig4){ref-type="fig"}D). These results indicated that the introduction of X-DNA achieved effective signal amplification and that the TTP system had a capability for the discrimination of base-changing DNA from normal DNA.Figure 4TTP System Achieved the Discrimination of Multi-base Changes and Single-Base Changes at Different Locations from Normal DNA(A) The model of hybrid-DNA based on the hybridization process of N-DNA or M-DNA (non-complementary DNA with altered bases) with two types of X-DNA.(B) The theoretical values of binding energy and equilibrium yields.(C) The frequency curves of base-changing DNA with different number of altered bases.(D) The relative Δ*F* of base-changing DNA with different number of altered bases (n = 3, mean ± SD).(E) The theoretical σ~m~ of base-changing DNA with different number of altered bases. The experimental results were in good agreement with the theoretical analysis.(F) The frequency curves of base-changing DNA with single-base changes at different positions.(G) The relative Δ*F* of base-changing DNA with single-base changes at different positions (n = 3, mean ± SD).(H) The theoretical σ~s~ of base-changing DNA with single-base changes at different positions. The experimental results were good agreement with the theoretical analysis.

Furthermore, we studied the ability of the TTP system to discriminate single-base changes at different sites in a stretch of DNA. To ensure that the frequency changes were only related to the locations of single-base changes, the single base was set with the same change from C to G at different locations, including M1-M (TG16, middle), M1-T (TG30, terminal), and M1-I (TG11, internal). These mismatched sequences with single-base changes at different positions were clearly distinguishable from each other according to frequency signals, in which Δ*F* ranked as M1-M \> M1-T \> M1-I ([Figure 4](#fig4){ref-type="fig"}F). The small differences produced by N-DNA or single-base M-DNA were amplified by the addition of X-DNA, indicating that TTP-based signal amplification obviously distinguished the positions of single-base changes. When altered base appeared at the location of 16 or 30, the mismatch occurred only at the terminal of hybridization chains, which did not affect the pairing of surrounding bases. However, for the altered base at the location of 11, intermolecular mismatch caused incomplete pairing of adjacent bases due to the inherent molecular tension, even though adjacent base pairs were fully complementary ([Figure 4](#fig4){ref-type="fig"}G). In addition, unexpected DNA secondary structures also influenced the hybridization binding affinity ([@bib48]). For example, the Gibbs free energy (ΔG) of M1-I was about −4 kcal/mol when forming stable hairpin secondary structure, whereas M1-M and M1-T were only −0.44 kcal/mol (calculated by [www.nupack.org](http://www.nupack.org){#intref0010}) ([@bib35]). As a result, the relative Δ*F* of M1-I was much smaller than that of M1-M and M1-T ([Figure 4](#fig4){ref-type="fig"}G).

The relative Δ*F* of M-DNA reflected the hybridization thermodynamics, which had a close relationship with binding energy of DNA nanospheres ([@bib43], [@bib47]). We therefore systematically analyzed the theoretical binding energy of non-complementary sequences, including multi-base changes and single-base changes at different sites. To predict the hybridization situation of target DNA (including N-DNA and M-DNA) more effectively and reduce the complexity of algorithm, we reasonably simplified the DNA nanospheres into a theoretical model of hybrid-DNA nanostructures, as demonstrated in [Figure 4](#fig4){ref-type="fig"}A. We obtained the theoretical ΔG of hybrid-DNA nanostructures (ΔG~H~) under the corresponding experimental conditions ([Figure 4](#fig4){ref-type="fig"}B, calculated by [www.nupack.org](http://www.nupack.org){#intref0015}; [@bib10]). The curve of relative ΔG~H~ varied with the number of altered bases ([Figure S11](#mmc1){ref-type="supplementary-material"}), whose S-type trend was similar to the experimental results by and large. However, the appearance of several abnormal points with 4 and 6 altered bases indicated that the probability of the existence of hybrid-DNA was not only related to theoretical ΔG~H~. We therefore introduced hybridization probability (σ) of single-base changes (σ~s~) and multi-base changes (σ~m~), which was affected by the combination of theoretical relative ΔG~H~ and corresponding equilibrium yields (θ~s~ and θ~m~, described as θ):$$\sigma\  = \ \Delta G_{H}\  \times \ \theta$$where θ represented a fraction of equilibrium concentrations (calculated by [www.nupack.org](http://www.nupack.org){#intref0020}) of the expected structures to total concentrations.$$\theta\  = \ \frac{{equilibrium}\ {concentrations}}{{total}\ {concentrations}}$$

In [Figure 4](#fig4){ref-type="fig"}B, θ~m~ values of M4-DNA and M6-DNA (0.314% and 0.00034%, respectively) were dramatically lower than those of the other sequences (M1-DNA, 99.3%; M2-DNA, 60.7%; M3-DNA, 47.2%), indicating that the content of hybrid-DNA constructed from M4-DNA and M6-DNA in solution was extremely low, which was another source of the abnormal points. As a result, ΔG~H~ and θ~m~ synergistically affected the probability of the existence of hybrid-DNA in solution. The resulting curve of σ~m~ had great agreement with the experimental results ([Figure 4](#fig4){ref-type="fig"}E). In terms of M-DNA with single-base changes at different sites, a similar phenomenon emerged. The theoretical ΔG~H~ was essentially consistent with the experimental frequency signals ([Figure S12](#mmc1){ref-type="supplementary-material"}) except for the abnormal point of M1-I. The lower θ~s~ of M1-I (72.2%) relative to M1-M and M1-T was another primary cause of lower frequency signal. As a result, the σ~s~ values of M-DNA with single-base changes were in agreement with experimental values ([Figure 4](#fig4){ref-type="fig"}H), indicating the reliability of the theoretical model. Taking advantage of the established model, we predicted the hybridization probability of single-nucleotide change in long-strand DNA sequences ([Table S4](#mmc1){ref-type="supplementary-material"}). With the increase of strand length, DNA sequences with single-base change tended to more occurrence of hybridization. The hybridization probability reached 99% when an altered base appeared in a stretch of 270-bp sequences, approaching the length limit of discrimination. In general, the abovementioned results showed that TTP system exhibited superior performances on the discrimination of altered DNA, including the number of altered bases (1--4 nt) and the positions of single-nucleotide changes. Moreover, TTP-based hybridization model effectively analyzed the hybridization probability of expected DNA nanostructures, which was influenced by both binding energy and equilibrium yield.

Improved Thermodynamics and Kinetics as the Fundamental Reason of Discriminating Base-Changing DNA {#sec2.7}
--------------------------------------------------------------------------------------------------

To explore the fundamental reason why base-changing DNA was effectively discriminated by the TTP system, we focused on the hybridization thermodynamics and kinetics in the first cycle of M-DNA and N-DNA in the TTP system ([Figure 5](#fig5){ref-type="fig"}A).Figure 5Improved Thermodynamic and Kinetic Performance by TTP System for the Discrimination of M-DNA and N-DNA(A) The frequency curves of M-DNA and N-DNA changing with time.(B) The --Δ*F* values after the introduction of T-DNA (marked with blue) and X~1~ (marked with red) changing with the number of altered bases, reflecting hybridization efficiency with different number altered bases.(C) The dΔ*f*/d*t* curves changing with time, reflecting instantaneous hybridization rates of M-DNA with different number of altered bases.(D) The -dΔ*f*/d*t* values varying with the number of altered bases, reflecting the hybridization kinetics properties of M-DNA in TTP system.

First, we studied the hybridization thermodynamics of M-DNA. As shown in [Figure 5](#fig5){ref-type="fig"}B, the -Δ*F* values after the addition of M-DNA or N-DNA and X~1~ (marked by blue and red, respectively) reflected the corresponding hybridization yield, owing to the linearity between Δ*F* and Δ*m*. We observed a dramatic decline on the -Δ*F* values of X~1~ at the point of 4-base change; however, no dramatic change was observed on the -Δ*F* values of M-DNA or N-DNA. The phenomena indicated that the introduction of X~1~ significantly increased the small differences of hybridization thermodynamics between M-DNA and N-DNA. According to the theoretical hybridization yield ($\rho_{T}$=3.5) calculated above, hybridization efficiencies (ω~i~) of M-DNA and N-DNA were approximate 85%. Second, we analyzed the hybridization kinetics by plotting the dΔ*f*/d*t* curves of M-DNA and N-DNA with time and the -dΔ*f*/d*t* values with the number of altered bases ([Figures 5](#fig5){ref-type="fig"}C and 5D). The ratio of the instantaneous hybridization rates of X~1~ and N-DNA or M-DNA increased to approximately 5 times at altered bases less than 4, demonstrating that the TTP system amplified the small differences of hybridization kinetics performance between N-DNA and M-DNA in an identical reaction. The above analysis indicated that the differences of hybridization kinetics and thermodynamic properties are the fundamental reasons for M-DNA discrimination in the TTP system.

Discussion {#sec3}
==========

Single-base changes are associated with various biological and biomedical implications, such as genetic diseases, antibiotic resistance, and cancers; the distinction of single-base changes was, therefore, important for revealing biological mechanisms and exploring the methods for disease treatment. Current methods for distinguishing single-base changes mainly include PCR, sequencing technology, and hybridization ([@bib22]). The traditional PCR and sequencing technology are mostly applied for distinguishing single-base changes; however, these methods have some intrinsic disadvantages, such as time consumption, high cost, complicated operation, low specificity, and so on. As a result, a large number of hybridization-based methods are developed for detecting base mutations, including protein-assistant hybridization, thermal denaturation-based hybridization, and direct hybridization ([@bib23]). Protein-assistant hybridization needs to maintain enzyme activity during manipulating, and thermal denaturation-based hybridization needs the participation of precise temperature-control device, which undoubtedly increase the cost and difficulty of use. Relatively speaking, direct hybridization is the easiest way to operate. Our TTP system depended on the direct hybridization of nucleic acid, and there is no involvement of any enzyme and temperature control device, which made the operation very simple and low cost. The key to direct hybridization-based methods is the hybridization design. The common strategies are to design the constrained probes or to modify chemical molecules on hybridization probes ([@bib1]). Relative to some constrained probes (e.g., hairpin probes and strand displacement probes) and modified molecule (e.g., molecule beacons, artificial nucleic acid) probes, ssDNA as probes in our TTP system is the easiest and cheapest form. Moreover, the ssDNA probes and X-DNA amplifiers avoided the steps of toehold migration and structure de-conformation, enabling the rapid performance of the TTP system. In addition, the use of QCM biosensor provided convenience for detecting single-base changes with high specificity and selectivity, and for studying hybridization kinetics and thermodynamics of nucleic acid. As a whole, compared with the serious drawbacks in current methods, such as complicated operation, time-consumption, high cost, and low specificity, our TTP system possessed multiple unprecedented advantages including portable design, rapid manner, robust performance, enzyme-free amplification, label-free signal readout, and labor-free usage, fully satisfying the requirements of point-of-care testing.

In conclusion, we proposed a branched DNA-based TTP strategy for the enzyme-free and fast discrimination of base-changing DNA from normal DNA and developed a theoretical method for analyzing the hybridization probability of expected DNA structures. In TTP system, target DNA triggered the self-assembled polymerization of two species of X-DNA to construct DNA nanospheres, realizing rapid target recognition and signal amplification for picomolar-level DNA detection. The formation of DNA nanospheres only occurred in the presence of target DNA, without the involvement of any enzymes, ensuring the specificity and simplicity of the system. In addition, the TTP system exhibited excellent robustness and stability in a wide range of realistic conditions, including different pH and temperature, as well as a series of water sources and simulated biological fluids. Furthermore, we analyzed the hybridization thermodynamics and kinetics of the TTP system at different T-DNA concentrations: the hybridization kinetics depended on the T-DNA concentrations, whereas thermodynamics remains almost constant, providing insight for interface chemistry. Significantly, the TTP system had a powerful capability of discriminating not only the number of multi-base changes but also the positions of single-base changes. We proposed a theoretical model involving the synergistic effect of binding energy and equilibrium yields, based on which the hybridization probability of single-base and multi-base-changing DNA was analyzed and had a quite good correlation with the experimental results. We envision that our TTP system will be a powerful tool for the enzyme-free and fast discrimination of base-changing DNA in POCT and the theoretical analysis of nucleic acid hybridization.

Limitations of the Study {#sec3.1}
------------------------

We implemented a new system for the discrimination of single-nucleotide changes. Although our TTP system exhibited excellent robustness and stability in a wide range of realistic conditions, as well as a series of water sources and simulated biological fluids, our work had insufficient evidence in solving biological problems of relevance, such as testing of patient samples in real world. The limitation of this study will be taken into account in our near future researches.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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========================

Document S1. Transparent Methods, Figures S1--S12, and Table S1--S4
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